We review observations of nonlinear plasma waves detected by interplanetary spacecraft, For this paper we will focus primarily on the phase-steepened properties of such waves. Plasma waves at comet Giacobini-Zinner measured by the International Cometary Explorer (ICE), at comets Halley and Grigg-Skjellerup measured by Giotto, and interplanetary Alfvt% waves measured by Ulysses, will be discussed and intercompared. Due to the page limitations of this paper we will keep the cometary wave discussion brief (but references for the interested reader will be provided), and we will focus more on the recent Ulysses observations of phase-steepened Alfv6n waves.
INTRODUCTION
The causes of the generation of plasma waves near comets is now well understood (WU and Davidson, 1972; Thorne and Tsurutani 1987; Lakhina 1987; Tsurutani, 1991; Brinca, 1991; Seeding et al,, 1996) , The physical picture is quite simple. Comets are "dirty snowballs" that are composed primarily of water ice. As a comet comes close to the sun, the water molecules sublimate from the surface of the nucleus and obtain speeds of-1 km s -1 relative to the parent body, At 1,0 AU, charge exchange with solar wind protons and photoionization by solar UV photons give a combined lifetime of -106 s before the neutral molecules (and daughter molecules and atoms: OH and O) are ionized and are picked up by the solar wind, Thus, there is a neutral and an ion cloud with scale of -106 km surrounding the comet nucleus,
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. u Two extreme cases of the ion pickup process are shown in Figure 1 . In the top panel, the magnetic field embedded in the fast flowing solar wind plasma lies in a direction orthogonal to the plasma flow direction, In the bottom panel, the magnetic field is parallel to the solar wind flow, In both cases, the plasma convects the magnetic fields radially outward form the sun.
The typical plasma density at 1,0 AU from the sun is -3-8 protons cm -3 with a temperature of -1.5 x 105K. The magnetic field magnitude is -5 nT. Thus, the plasma P is -1,0 and the Alfw% speed is -50-70 km S-l.
In the top panel, the ~ x ~ Lorentz force will accelerate the freshly created ions and form a ring distribution where the velocity associated with the ring is the solar wind speed, This type of ion distribution is unstable to a left-hand cyclotron resonant instability. In the bottom panel where there is no ~ x ~ Lorenz force, the ions are stationary in the flowing solar wind plasma and thus comprise a beam flowing at -~~w in the plasma rest frame. This distribution is unstable to the right-hand resonant ion beam instability. Figure 2 shows the power spectra of the transverse components of the waves at the three comets that have been explored to date: G-Z, Halley and GS. In each of the three cases the peak power occurs close to -10 mHz, the local HZO ion group cyclotron frequency (the ambient magnetic fields are denoted in each panel). Although the peak power (the pump wave) and the slope of the power at higher frequencies are similar for the three comets, the waveforms are not, Figure 3a and b shows a comet GZ wave at its initial stage of phase steepening. The three magnetic field components and magnitude rwe shown in minimum variance coordinates. In this system, the subscripts 1,2 and 3 correspond to the maximum, intermediate and minimum
3
. n variance directions, where the wave propagation direction ~ is in the minimum variance direction (Smith and Tsurutani, 1976) , Because the magnetic field direction was more or less parallel to ~~w, the wave is theoretically expected to be right-hand polarized in the plasma frame (from previous arguments).
Several important features should be noted for this wave. Although the "wave period" is -100s, the water group ion cyclotron period, there is little or no phase rotation from the beginning of the interval (shown as "B" at 718:20 UT) to point 1 (719:10 UT). Almost all of the 360° phase rotation of the circularly polarized wave occurs between points 1 and 3.
The B, -B 2 hodogram in Figure 3b illustrates this point. This is what is meant by the authors by "phase-steepening". The phase rotation is not uniform across the wave, but occurs at one edge. The "wave" is left-hand circularly polarized in the spacecraft frame propagating at -41" relative to fio, The polarization corresponds to an anomalously Doppler shifted right-hand wave propagating towards the sun, Thus the phase-steepening occurs at the front edge of the wave,
As the comet GZ waves develop further, they become compressive and develop nonlinear whistler packets at their leading edges. This is shown in Figure 4 for a train of these waves.
For each wave cycle of -100s, there is a magnetic compression of AIB1/BO -0.5 followed in time by a high-frequency (-3s period) whistler packet, Since the wave is propagating in the direction of the sun but is convected past the spacecraft by the high velocity solar wind, the magnetic compression and whistler packets occur at the leading, sunward edges of the waves.
Of the waves at these three comets, those at comet Halley are the most complex (see Tsurutani et al., 1997 and Glassmeier et al., 1997 for an up-to-date discussions), The waves are often without an obviously ordered sense of phase rotation, implying either a superposition of The different types of discontinuities that are possible in a plasma are given in Table 1 . For the solar wind, directional discontinuities which involve a rapid rotation of the magnetic field (both rotational and tangential discontinuities are DDs) are the most common, occurring once or twice per hour, shocks less frequent, occurring about once per week, and contact discontinuities the rarest, For rotational discontinuities there is a nonzero mass flux transported across the surface, the change in the magnitudes of the tangential 1~1 component is zero, and the normal field component H n must be conserved. In short, RDs are sharply kinked Alfv4n waves.
Directional discontinuities (DDs) identified by rapid changes in field direction can be either rotational or tangential discontinuities. DDs are identified using computer selection from previously formulated criteria. TWO sets of criteria, namely the Tsurutani-Smith (TS) criteria and the Lepping-Behannon (LB) criteria are shown in Table 2 . These jump conditions across the discontinuity are applied to 1 minute average magnetic field vectors, Figure 6 shows the magnetic field in RTN coordinates where the TS discontinuities are indicated by the vertical lines. In this coordinate system, A points radially away from the sun, is -~ x ~ / I ~ x h I where fi is the solar north polar rotation axis, and & completes the right-hand system. Note that there is little or no magnetic field magnitude change occurring across the DDs. Ulysses was 5.2 AU from the sun at a latitude of -6.0°.
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Ulysses obtained a gravitational assist from Jupiter to obtain a trajectory that became highly out of the ecliptic. Figure 7 shows the Ulysses trajectory for the post-Jupiter interval and the solar wind parameters during this time. From top to bottom are the solar wind density, magnetic field magnitude, velocity, the occurrence rate of discontinuities detected by the Tsurutani and Smith (1979) and the Lepping-Behannon (1985) methods, the spacecraft radial distance from the Sun and the heliolatitude. Ulysses starts in the ecliptic plane and then goes to -80° latitude.
During this phase (1992) (1993) (1994) of the solar cycle, polar coronal holes migrate down to the equator, and high velocity streams emanating from them are detected at -25 day intervals corresponding to the solar rotation period. Such corotating streams are detected in the latter half of 1992 through the first half of 1993, The peak velocity of the streams is -750 to 800 km s-l, whereas the regular solar wind speed is 450-500 km s"' (Phillips et al., 1993) . What is remarkable about the rate of occurrence of discontinuities during this interval is that the values increase by 5 times when Ulysses is within a high-speed stream and then decreases again as Ulysses comes out of the stream. In the latter half of 1993 through 1994, as Ulysses increased in latitude, it becomes permanently embedded in the coronal stream, The velocity then remains fixed at a value of -750-800 km s-'. The occurrence rate of DDs then remained fixed at -150 DD day-l.
The higher convection speed of the solar wind when Ulysses is within coronal hole streams was studied to determined if this could be the cause of the more frequent detection of DDs. It was found that this mechanism could explains an increase of -30Y0 in the occurrence rate, far shy of the -500Y0 increase measured (Tsurutani et al., 1996) . Some other explanation had to be found.
6 -4 Figure 8 shows the return of the magnetic field and plasma velocity when Ulysses was in a high-speed stream, There are large A~/lBl -1 to 2 directional fluctuations in the field directionality (and velocity) whereas the field magnitude and velocity remained relatively constant.
To determine the nature of these fluctuations, we examine the cross-correlation between the field and velocity components (see Fig. 9 ). AU three components have a peak correlation at zero lag and lower values at increasing and decreasing lags. This feature has been interpreted to indicate that the fluctuations are Alfw% waves which are propagating away from the sun.
The relationship between Alf%n waves and discontinuities is shown by one example in Figure 12 gives a statistical summary of the wave direction of propagation relative to the ambient magnetic field for Alfv6n waves and arc-polarized rotational discontinuities. The bottom panels give the direction of propagation normalized by the solid angle. Both the slowly rotating waves and the RDs propagate nearly along E..
We have examined the dissipation occurring at these steepened waves (Alfv&n shocks) by the plasma (density, temperature, and velocity) and magnetic field jumps across the discontinuities. Figure 13 gives one such analysis. We find little correlation between the temperature and magnetic field jumps, indicating that the dissipation rate is slow relative to the wave dispersion. Other plasma parameters have been analyzed with similar negative results.
These observations place constraints on the rate of wave dissipation and at the same time lend confidence to our interpretation that the direction of propagation of these arc-polarized RDs is along the intermediate variance direction. The sense of the wave propagation is outward from the sun, Figure 10 . The relationship between a rotational discontinuity (between points 2 and 3) and a slowly rotating Alfv6n wave (points 1 and 2). The rotational discontinuity is the phasesteeped edge of the Ah% wave. The wave is arc-polarized and to first order noncompressive. 3)
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TYPE OF DISCONTINUITY
The magnitude of the vec(or c!~ange across [he discontinuity 1 ) must equal or exceed one half [he Ii\rger of the field magnitudes on either sicle of (he discontinuity (i.e.,
IABIABI > 0.5).
2)
The vector .iurnp across the discon[inuily must be lnrge in comparison with the general level of vec[or fll~d~li~(i~[~s on either side of the discontinuity (i.e., IAIII 226, where 6 is the value of (he field variance on ei[her side of the DD).
3)
Adjacent discontinuities must be separoled by 3 or more minutes.
4)
5)
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